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Chapter 1: Introduction
1.1

Mechanisms of Protein Synthesis and Folding
Proteins are macromolecules composed of amino acids and are responsible for

carrying out many of the cells functions within an organism. Proteins are the gene
products encoded by DNA. Each protein has a specific function that is determined by its
primary amino acid sequence. Some biological processes proteins take part in include
catalysis of thermodynamically unfavorable biochemical reactions, signaling and
trafficking of substrates, defense against pathogens and folding of other proteins. Protein
synthesis involves the transcription of a single stranded DNA template into messenger
RNA followed by the translation of mRNA to a primary amino acid sequence.
Translation is the last step of gene expression but can be considered the first step in the
formation of a fully functional protein.

Synthesis of peptide chains determined by

mRNA occurs on ribosome located outside of the endoplasmic reticulum (ER) (Russell,
2002).
There are four levels of organization of a protein that will determine its structure
and function. The primary structure of a protein is the linear sequence of amino acids
(Russell, 2002). The first full length amino acid sequence of a protein was determined by
Frederick Sanger in 1953. Sanger discovered the primary structure of insulin, but more
importantly revealed that each protein consists of a specific amino acid sequence that
determines its function (Cooper, 2000). The secondary structure of a protein is regular
arrangements of amino acids within localized regions of the polypeptide chain. Alpha
helices and beta sheets stabilized by hydrogen bonds are examples of a protein’s
1

secondary structure. The tertiary structure of a protein is achieved by the interactions
between side chain amino acids that lay in different regions of one single peptide chain.
Hydrophobic amino acids will aggregate to the interior of the protein while hydrophilic
amino acids will be exposed to the aqueous environment surrounding the protein. Also
contributing to tertiary structure is the formation of disulfide bonds between thiolcontaining amino acid residues. Finally, the fourth level of protein organization is the
quaternary structure in which two or more peptide chains come together as subunits to
form one functional protein (Russell, 2002). Figure 1 summarizes the different steps in
protein synthesis and the formation of a functional protein.

2

DNA is transcribed to RNA

RNA is translated to an amino acid sequence

Primary amino acid sequences fold to secondary, tertiary, and quaternary structures (beta
sheets and alpha helices shown)

Post translational modification and formation of a functional protein

Figure 1: Summary of protein synthesis: transcription, translation, and folding.
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Nobel Prize recipient Christian B. Anfinsen, known for the “Anfinsen Dogma”
also known as the “thermodynamic theory”, demonstrated that denatured proteins can
spontaneously fold back to their native three-dimensional conformation and regain
activity. This indicates that the native structure of the protein is determined by the
information given in the primary amino acid sequence (1961). Under physiological
conditions the primary amino acid sequence will give rise to the most thermodynamically
stable conformation (reviewed in Buck et al., 2007). Catalysts and chaperones facilitate
the protein in finding is native structure but it is the proteins amino acid sequence that
determines conformation (Anfinsen, 1961).
During and after synthesis, proteins undergo modification before becoming fully
functional.

Secreted, plasma membrane, and lysosomal proteins contain a signal

sequence that will translocate them into the ER for post-translational modification such as
disulfide bond formation. Disulfide bond formation occurs when sulfur from a cysteine
is oxidized and forms a covalent bond with sulfur with another thiol-containing moiety.
The ER is an oxidizing environment relative to the cytosol allowing disulfide bond
formation to occur (reviewed in Appenzeller-Herzog and Ellgaard, 2008). Aside from
disulfide bonding, other functions of the ER include further protein folding, multi-subunit
formation, initiation of glycosylation, and addition of glycolipid anchors. ER proteins
such as Protein Disulfide Isomerase (PDI) will catalyze the assembly and formation of
secreted proteins. When the correct three dimensional structure is achieved the protein is
ready for transport to its intended location. Secretory proteins are transported from the
ER to the Golgi and finally secreted out of the cell (Sitia and Braakman, 2003). Proteins
4

that are to reside in the ER, such as PDI, are retained or transported back to the ER via

the KDEL signal sequence (reviewed in Ellgaard and Ruddock, 2005
2005).
).

Figure 2

illustrates the organization of the cell and pathw
pathway
ay secreted proteins undergo.

Figure 2: Organization of the cell. Secretory proteins
are synthesized on ribosomes, translocated into the ER
lumen, oxidized, transported to the Golgi then to their
final destination (Sitia and Braakman, 2003).

Correct disulfide bond formation is significant to the structure and function of a
protein. Without proper disulfide bond formation, the peptide is degraded or can form
aggregates that will disrupt the overall function of the cell. When unfolded proteins

cannot find their conformation, they will form aggregates with the exposed hydrophobic
regions of other unfolded proteins. Endoplasmic Reticulum Associated Degradation
(ERAD), a process where misfolded proteins are labeled and sent to proteosomes for

degradation, helps alleviate protein aggregation. Many diseases such as Alzheimer’s and
Parkinson’s disease involve the formation of large insoluble aggregates. Enzymes and
chaperones located in the ER can facilitate the correct folding of proteins reducing the

5

formation of aggregates.

If accumulation of misfolded proteins occurs the cell will

experience stress and may become apoptotic (reviewed in Yoshida, 2007).

Protein

Disulfide Isomerase is an example of an ER protein that catalyzes the formation of the
correct three dimensional structures of proteins and prevents aggregation (reviewed in
Gruber et al., 2006).

1.2

Protein Disulfide Isomerase
Protein Disulfide Isomerase is a 55kDa oxidoreductase enzyme found in the ER

lumen of eukaryotic cells. PDI has the ability to oxidize, reduce, and isomerize disulfide
bonds. Disulfide bonding is highly error prone and PDI has the ability to reshuffle
disulfides until the substrate finds its native structure (reviewed in Wilkinson and Gilbert,
2004). Disulfides are found in over 1/3 of all proteins (reviewed in Appenzeller-Herzog
and Ellgaard, 2008).

The abundance of PDI in the cell indicates the importance of its

role and the importance of the formation of disulfide bonds in newly synthesized
proteins. This enzyme is part of the thioredoxin super family (reviewed in Gruber et al.,
2006) and the PDI family of proteins (reviewed in Appenzeller-Herzog and Ellgaard,
2008). PDI can also function as a chaperone to substrates containing disulfides as well as
those lacking disulfides (Cai et al., 1994). PDI studies are important to medical advances
in neurodegenerative disorders (reviewed in Gruber et al., 2006).

6

1.2.1

Structure

1.2.1.1 Thioredoxin Superfamily of Proteins
Thioredoxin is an E. coli protein responsible for enzymatic reduction of
ribonucleotides.

It was first identified as a electron donor for ribonucleotide reductase

but is present in all organisms and participates in several biological processes such as
DNA synthesis, replication, and repair (reviewed in Berndt and Holmgren, 2008). The
thioredoxin family (TRX) of proteins are thiotransferase proteins found in both
prokaryotes and eukaryotes.

These proteins include thioredoxin, glutaredoxin, protein

disulfide isomerase, and bacterial Dsb family of proteins (reviewed in Carvalho et al.,
2006).

The members of the TRX superfamily function as reductases, isomerases,

oxidases, and chaperones (reviewed in Berndt and Holmgren, 2008).
Members of the TRX superfamily may not have highly conserved amino acid
sequences but share structural similarity (Figure 3). Amino acid sequences vary among
the proteins but the three dimensional structure show similarities in the arrangement of
the alpha helices and beta sheets. They contain two common characteristic that classify
them as thioredoxin-like proteins:

a highly conserved CXXC active site and a

thioredoxin-like fold (reviewed in Carvalho et al., 2006).

7

Figure 3: Three dimensional representation of TRX
family members. The superimposition of the structures
show similarity in folding patterns. Red is bacterial
DsbA, blue is glutoredoxin, green is PDI a domain, and
yellow is thioredoxin (Carvalho et al., 2006).

TRX proteins have at least one active site that contains two cys
cysteine
teine residues

separated by two additional residues. The residues separat
separating
ing the catalytic cysteines are
usually acidic and vary among proteins and species.

The wide variety of residues

separating the cysteines may contribute to differences in function. At physiological

conditions, the N-terminal cystine of the active site is lagely exposed, deprotonated, and
is known as the nucleophilic cysteine
cysteine.. The second of the vicinal cysteine residues is
protonated and buried.

Figure 4 shows the structure of the active site of E. coli

thioredoxin and is common among other TRX super family members (reviewed in

Carvalho et al., 2006).
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Figure 4 : Representation of the CXXC domain
of the TRX-like proteins.
Cys 32 is the
nucleophilic residue while Cys 35 is buried
(Carvalho et al., 2006).

The second characteristic of all TRX family members is the thioredoxin-like fold
of beta sheets adjoined by alpha helices in the following organization: β1α1 β2α2 β3β4α3.
Another hightly conserved structural charateristic of TRX family members is the
existance a cis-Pro loop that preceeds the β3β4α3 motif and is believed to decrease the
pKa of the active site. The cis-Pro loop is exposed to solvent and may interact with other
proteins.

Figure 5 illustrates the TRX-like fold of several TRX proteins.

The

organization of alpha helices and beta sheets are compared (reviewed in Gruber et al.,
2006).

9

Figure 5: Thioredoxin fold organization of TRX family
members. a) yeast PDI a, b, and a’ domains b) PDI b’ domain c)
DsbA d) DsbC/DsbB. The green barrels represent the alpha
helices and the orange arrows are the the beta sheets, the yellow
dots represent the atctive site and the gray areas are modification
of the TRX fold shown in the center box (Gruber et al., 2006).

The differences in amino acid sequences, specifically the two amino acids
between the active site cysteines, can explain differences in ezymatic functions among
the members of the family. Redox poteintials range from -270mV of thioredoxin (strong)
to -125mV of DsbA (weak).

Proteins disulfide isomerase is a intermediate

oxidoreductase with the redox poteintial of -180mV. The pKa values among the enzymes
differ dramatically as shown in Table 1. The pKa values of each protein indictes the
particular function the enzyme will have. PDI has a pKa value between 4.5 and 5
(reviewed in Carvalho et al., 2006).
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Table 1: Differences in TRX proteins.

Enzyme

CXXC

pKa

E ° (mV)

Function

Motif

Thioredoxin

CGPC

6.3-10

-270

Reductant

Glutaredoxin

CPYC

3.8

-233/-198

Reductant
Oxidant, isomerase,

PDI

CGHC

4.5-5

-180

chaperone

DsbA

CPHC

3.5-4

-125

Oxidant

Adapted from Carvalho et al., 2006.

Other factors may contribute to differences in fucntion of the members of the
family including sterics, hydrogen bonding, and stabalization of the exposed active site
cysteines (reviewed in Carvalho et al., 2006). Along with the different residues found in
between the cysteines of the active site, these factors may also determine whether the
family member is an oxidant or a reductant. Thioredoxin and glutaredoxin reside in the
cytoplasm, a relatively reducing enviroment, therefore these enzyme act as reductants and
will reduce disulfide bonds while being oxidized. Proteins like DsbA and PDI act as
oxidants by introducing new disulfide bonds to the substrate (Figure 6) (reviewed in
Berndt and Holmgren, 2008).
11

Figure 6: Mechanisms of action of different TRX-like
proteins. A) Reduction of substrate, B) Reduction of
protein-GSH, C) Oxidation of substrate, C)
Isomerization of existing disulfide bonds by PDI (Berndt
and Holmgren, 2008).

1.2.1.2 PDI Subfamily of Proteins
The PDI family is made up of PDI and PDI-like proteins. Of the members of the

family, PDI is the most abundant and makes up 0.8 % of all proteins in mammalian and
yeast cells. It is one of the most highly expressed proteins in mammalian cells. PDI
family members are found in a wide variety of organisms including humans, yeast, fruit

flies, fungi, and plants (reviewed in Wilkinson and Gilbert, 2004). Nineteen human PDI
family members have been characterized including: PDI, ERp57, ERp72, ERp28, PDIp,

PDIR, and P5. Many PDI-like proteins are oxidoreductases but some members do not
have catalytic activity. Classification as PDI-like proteins depends on sequence and
12

structural similarities not the function (reviewed in Appenzeller-Herzog and Ellgaard,
2008).
PDI proteins have a thioredoxin like domain and a CXXC catalytic motif. The
number and position of the TRX-like domain varies among the members. It is believed
that these variations resulted from duplication and deletions of an ancestral enzyme over
time. PDI has four thioredoxin like domains, two that are denoted a type catalytic and
two that are b non-catalytic type. The a type domains contain the CXXC catalytic motif
and a TRX fold and the b type domains lack the active site but do possess the TRX fold.
The table below (Table 2) shows several of the known PDI-like proteins and the number
of TRX-like domains they obtain. Localization of PDI proteins in the ER is another
characteristic that classifies these enzymes into the PDI subfamily (reviewed in
Appenzeller-Herzog and Ellgaard, 2008).

Table 2: Number of TRX-like domains of PDI family
members.

PDI Family Member

Number of TRXlike Domains

ERp44, ERp18

1

ERp72, PDIR, EndoPDI

2

Ejd5

3

ERp57, P5, PDIp

4
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Members can be distinguished by tissue distribution, cellular localization,
substrate specificity, and the ability to catalyze thiol-disulfide exchange reactions. Many

PDI-like proteins are not limited to specific tissue localization. PDIp was believed to be
found only in the pancreas, however it has been found in the brain of Parkinson’s disease

patients (Conn et al., 2004).

Most PDI family members have a KDEL-like ER

localization signal at the C-terminal end which localize them in the ER and others are
transmembrane proteins (denoted TMX proteins). Table 3 summ
summarizes
arizes the different
human PDI proteins.

Given are their ER retention signal, their catalytic sequence,

number of catalytic domains, and number of amino acid residues (reviewed in

Appenzeller-Herzog and Ellgaard, 2008).
Table 3: Summary of Human PDI family members.

(Appenzeller-Herzog and Ellgaard, 2008).
PDI is organized into four domains based on homology. Several members of the

family obtain the same domain organization. Proteins in this family usually have several
14

catalytic domains while others like ERp27, have no a domains. The members differ in
the two residues between the cysteine residues of the catalytic domain. Some members
like ERp27 have no catalytic site while others like PDIr have three catalytic sites. These
differences in organization are responsible to the different functions of the family
members. Catalysts that have many a-like domains will participate in thiol-disulfide
reactions while those lacking the catalytic domain will function as chaperones. Figure 7
summarize the organization of different known human PDI-like proteins.

Figure 7: Domain organization of Human PDI family members. Catalytic a domains and
CXXC motif are in yellow. The non-catalytic regions are in green (b domain) and in blue
(b’ domain). Red bars represent hydrophobic residues (Ellgaard and Ruddock, 2005).

1.2.1.3 PDI Domain Organization
The full amino acid sequence of P
PDI
DI was first determined by Edman and coworkers in 1985. The complimentary DNA from rat liver was analyzed by amino
terminal sequence analysis using a microsequentator.

The cloned sequence encoded a

508 amino acid protein with a molecular weight of about 57 kDa and correlated well with
the in vitro translated protein. Based on the sequence determined, it was presumed that
PDI contained two regions homologous to E. coli thioredoxin protein. Like thioredoxin,

15

these two homologous domains contained an active site with a Tyr-Cys-Gly-His-Cys-Lys
sequence. This active site with the CXXC motif was believed to be involved in disulfide
bond interchange reactions.

A sequence of 19 hydrophobic amino acids at the N-

terminal was characteristic of a signal sequence extension possibly localizing the protein
in the endoplasmic reticulum (1985).
Internal homology between the two sets of domains defined boundaries between
the four major domains of the protein. The two active sites containing regions denoted a
(9-90) and a’ (353-431) showed 40% homology to each other. The remaining domains b
(153-244) and b’ (256-343) were 28% homologous to each other but had no apparent
homology to thioredoxin or other proteins.

The final domain, c (431-489) contained a

high density of negatively charged amino acids. Though the crystal structure of PDI had
not yet been resolved, the secondary amino acid sequence of the protein was determined
according to the method of Finer-Moore and Stroud. This information along with the
determination of the primary amino acid sequence gave great insight to the structure and
function of Protein Disulfide Isomerase (Edman et al., 1985).
Several amino acid sequences (Figure 8) and structures of the PDI domains have
been studied over the past 10 years (reviewed in Gruber et al., 2006). Human, bacterial,
fungal, and yeast are among the many species that PDI have been resolved from.
Though the exact boundaries for the domains differ from species to species, there is great
similarity between PDI domains. Individual domains of human PDI as well as constructs
of combinations of domains have been characterized by NMR (Table 4 and Figure 9)

16

(Kennimark et al., 1996, 1997) but the entire 3-dimensional structure of human PDI had
not yet been published.

Figure 8: Amino acid sequences of PDI from different organisms. A) domain boundaries
B) amino acid sequences. The purple bar represents the a domain, the light blue is b,
yellow is b’, dark blue is the x linker, red is a’ and green encodes the c domain (Tian et al.,
2006).

17

Table 4: Summary of PDI domains that have been characterized.

Gruber et al., 2006

Figure 9: Electrostatic surface representation of PDI domains. The bottom row is a 90°
angle rotation of each of the domains represented in the row above (Kennimark et al.,
1996, 1997).

In 2006, Tian et al. resolved the first complete PDI structure. A high resolution 3dimensional representation of the entire protein was finally availab
available.
le.

The crystal

structure correlated with other studies and showed that PDI is composed of four

thioredoxin like domains: a, b, b’, a, and c domains which are arranged in a twisted U
shape. The b’ and a’ domains are separated by an x linker. The a and a’ domains form
the rigid sides of the U with the hydrophobic regions located on the inside. The b and b’
domains form the less rigid bottom of the U. The c terminal extension, c domain, is
located at the top of the U above the a’ domain. The dimensions of the protein are

18

approximately 80Å in width and 60Å in height. All four domains show a homology to
thioredoxin with a and a’ domain showing more homology to TRX than b and b’. The

picture below is the ribbon diagram of yeast PDI based on the crystal structure (Tian et
al., 2006).

Figure 10: Ribbon diagram of yeast PDI. The a domain is purple,
the b domain is blue, the b’ domain is yellow, the a’ domain is red
and the c domain is green. The b’ and a’ are separated by and x
linker. The two ye
yellow
llow spheres represent the active site cysteine
sulfurs (Tian et al., 2006).

Domains a and a’ contain a CGHC active site and are believe to be mostly
responsible for the catalytic activity. These active sites are located on the inside of the U,

are separated by 28Å, and are large enough to fit a 100 residue partially folded substrate.
Equilibrium constants and redox potentials provide evidence that the a’ domain prefers
the oxidized state while the a domain prefers the reduced state. This mixed redox state
19

may be due to the destabilization of the active site with the presence of histidine residues
between the two cysteines. The destabilization has more of an impact on the a’ than the a

domain of yeast PDI (Tian et al., 2006).
Though the two active ssites
ites are highly homologous, the differences may be
responsible for differences in their catalytic activity. Access to the active site differs
between the two domains. In yeast, N-terminal folds over the a domain and the hydrogen

bonding provides stability for this con
conformation.
formation. On the other hand, the active site in the
a’ domain is not obstructed. It is believed it is at this site where Ero1 oxidizes PDI and
thermodynamic stability reverses it back the reduced state to participate in oxidation of a

substrate (Figure 11). Deletion of the a and a’ domains decreased the folding activity on
reduced RNase A (a=30% decrease, a’=40% decrease) and scrambled RNase A (Tian et

al., 2006).

Figure 11: Representation of the a and a’ catalytic domains (Tian et al., 2006).

The b and b’ domains lack the active site and are less homologous to thioredoxin
but do possess a thioredoxin-like fold. The high level of hydrophobicity with in these
regions support the idea that the b and b’ domains act as primary binding sites. The
20

hydrophobic regions may contribute to hydrophobic interactions with exposed
hydrophobic regions of unfolded substrates. The b’ domain is believed to be the primary
binding site for larger substrates (Tian et al., 2006; Kennimark et al., 1996, 1997).
The c domain is mostly composed of negatively charged amino acids. Yeast PDI
residues 490-502 form an alpha helix that is not characteristic of human PDI. This
domain does not directly participate in catalytic activity, but deletion of this domain
results in the reduction of PDI’s ability to fold reduced and scrambled RNase A. The
hydrophobic interaction between the a’ and c domains contributes to PDI stability and
ultimately its activity (Tian et al., 2006).

1.2.2

Function
PDI is one of the most versatile proteins and highly expressed in mammalian cells

because there is a vast number of proteins that must undergo processing before secretion
to their final destinations. PDI has several functions: oxidation of nascent proteins and
isomerization of existing disulfide bonds.

It also possesses chaperone activity and

participates in protein degradation. Because of its structure, PDI can exist in a reduced or
oxidized form. In mammalian cells it is mostly reduced due to the high demand of
disulfide bond shuffling of secreted proteins within the ER (reviewed in AppenzellerHerzog and Ellgaard, 2008).
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1.2.2.1 Oxidation
Correct folding of proteins is essential for the function of cells and the overall
wellbeing of organisms. As proteins are synthesized, they lack disulfide bonds due to the
reducing environment of the cystosol.

Proteins destined for secretion must be

translocated into the ER and oxidized to obtain disulfides and fully functional. The
cysteine containing catalytic domains allow PDI to introduce disulfide bonds to newly
synthesized substrates. PDI can exist in a reduced or oxidized state. For disulfide bond
formation, oxidized PDI must transfer its disulfide equivalents to nascent proteins. As a
result, PDI itself will become reduce and proteins like Ero1 will transfer oxidation
equivalents to PDI preparing the enzyme for oxidation of other substrates. The substrate
thiol group becomes deprotonated resulting in a highly reactive thiolate. The thiolate
attacks the PDI disulfide bond and a mixed disulfide between the substrate and PDI is
created. Another substrate thiolate attacks the mixed disulfide creating a disulfide bond
within the substrate (reviewed in Hatahet and Ruddock, 2007).
illustration of how PDI functions as an oxidative enzyme.
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Figure 12 is an
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Figure 12: Disulfide formation by PDI in nascent proteins. PDI is oxidized by proteins like Ero1
then can transfer its oxidation equivalents to nascent proteins.

1.2.2.2 Isomerization
As its title indicates, protein disulfide isomerase can also isomerize substrate
disulfides by shuffle existing disulfide bonds allowing the substrate to find its native
conformation.

Early disulfide bond formation in nascent proteins is error prone.
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Incorrect disulfide bonds must be broken and correct disulfide bonds must be made. The
substrate’s primary amino acid sequence must determine the correct conformation of
three dimensional folding. It is PDI’s role to accelerate shuffling so that the substrate can
find its kinetically and thermodynamically favorable native structure in a timely manner.
Isomerization can be viewed as repeated cycles of reduction and reoxidation of disulfide
bonds. Cycles will be repeated until a stable structure is formed and the substrate is no
longer a good substrate for PDI. Both reduction and oxidation of is essential to this
pathway (reviewed in Wilkinson and Gilbert, 2004).
The first step in isomerization is breaking an existing disulfide bond. The second
step is reoxidation of disulfide bonds between two different cysteine residues. The Nterminal cysteine is deprotonated at physiological pH due its low pKa (4.5-5).
Deprotonation of the cysteine creates a highly reactive thiolate that attacks an existing
disulfide within the substrate. As a result, a mixed disulfide between the substrate and
the catalyst will form and several scenarios can occur (reviewed in Hadahet and
Ruddock, 2007).
First, the thiol participating in the original disulfide bond can attack the mixed
disulfide. If the initial conformation was favorable the substrate will return to its original
state, PDI will be released, and not isomerization occurs. Another scenario is that a third
substrate thiolate attacks the mixed disulfide resulting in a disulfide between two
different thiols (isomerization). This mechanism is depicted in Figure 13. Finally the Cterminal cysteine can interact with the mixed disulfide, releasing PDI and allowing the
substrate to isomerize itself. In any case, the substrate finds its correct conformation.
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PDI has no apparent ability to decide which disulfides to attack. It is the substrate that
dictates whether or not the disulfide is correct. PDI only sees an exposed disulfide to
attack and will do so (reviewed in Hadahet and Ruddock, 2007).
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Figure 13: Isomerization of a substrate disulfide by reduced PDI.
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The study of the contribution of PDI to protein folding has important implications
for neurodegenerative diseases. The structure and mechanism of action are continuously
studied due to PDI’s participation in the folding of many proteins. Individual domains
and constructs can be studied to determine their role in the overall function of PDI. PDI
functions positively on nascent proteins to facilitate the correct disulfide bonding, but on
the other hand it can disrupt correctly formed disulfides resulting in a negative impact on
protein folding. In the present study we examined the PDI b` domain contribution to
oxidation of a reduced substrate and compare it to the activity of full length PDI (Chapter
2). We also determined PDI’s effect on correctly formed disulfides of two different
substrates with known folding pathways (Chapter 3).
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Chapter 2: Contribution of the PDI b’ Domain to the Function of PDI
2.1

The Substrate: Ribonuclease A
Bovine pancreatic ribonuclease A (RNase A) is a widely used substrate for

protein studies. The folding pathway for RNase A has been extensively studied (Sheraga,
1984) therefore it is ideal for use as a substrate for oxidative folding by PDI and PDI
constructs. Native RNase A has four disulfide bonds (26-84, 40-95, 58-110, and 65-72)
that stabilize its structure (Figure 14). Regeneration studies on reduced RNase A have
shown that there are numerous intermediates that can form as the proteins folds to its
native structure (Shin and Scheraga, 2000). Figure 15 is a schematic of the regeneration
pathway of RNase A based on DTTox/DTTred coupled refolding experiments.

The

intermediates formed were blocked and labeled by 2-aminoethyl methanethiosulfonate
(AEMTS) and analyzed with mass spectrometry.

Figure 14: Ribbon diagram of RNase A by NMR (Santoro et al.
1993 PDB file # 2aas).
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The oxidative folding pathway of RNase A consists of the formation of four
native disulfide bonds (1S, 2S, 3S, and 4S). The formation of the first three disulfides
will occur through a rapid pre-equilibrium state resulting in several 3S species. The 3S
intermediates contain 3 non-native disulfides. The 3S intermediates can be isomerized to
form a native–like protein lacking only 1 native disulfide bond. These four possible
species are denoted 3S*. This step is rate determining because it will take long for the
protein to find its correct 3S* structures (only four exist) from over 400 possible species.
PDI helps to quickly shuffle the disulfides at the 3S stage to reduce the time it
takes to find the 3S* native-like structure. Once the 3S* species are found the disulfide
that is lacking is correctly spatially oriented and quickly forms the fourth and final
disulfide resulting in native RNase A (Shin and Scheraga, 2000). Free thiolates, even in
the 3S* species, have the ability to attack native and non-native disulfides equally.
Figure 16 is a schematic of the competition between disulfide reshuffling and
conformational folding of RNase A.
Experiments on the regeneration of RNase A by PDI b’ were done to determine
whether this domain accelerates the rate of folding even though it lacks the catalytic
CXXC motif. RNase A was fully reduced and allowed to fold with PDI b’ to determine
its ability to catalyze regeneration.
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Des [65-72]

3 native SS; Native-like structure, Tm 40
o C, enzymatic activity, surface thiols
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Figure 15: Regeneration pathway of RNase A. R is fully reduced protein,
1S=1 disulfide, 2S=2 disulfides, 3S=3 disulfides and 4S=4 disulfides. The
numbers below each species indicated the number of possible species. Red
lines are free thiolates, blue are native disulfides, and black are non-native
disulfides. The Des species are lacking one native disulfide bond (Rowarf and
Scheraga, 1993; Narayan, et al., 1999).

Figure 16:
Competition between thiol-disulfide shuffling and
conformational folding. The circles represent non-native like structures
and the squares represent native-like structure (NN=non-native,
N=Native). 3S* is the species lacking one disulfide bond but obtains
native like structure. PDI is likely to make the most impact in this stage
of regeneration.
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2.2

Experimental Procedures

2.2.1

Transformation of DH5α E. coli Cells
The pET21b plasmid containing the genes that code for PDI b’ was used to

transform DH5α E. coli bacterial cells for subcloning efficiency. Two microliters of
cDNA were mixed with 100ul of DH5α cells and incubated on ice for 30 minutes. The
cells were heat shocked at 42°C for 45 seconds. The transformed cells were placed back
on ice for two minutes for recovery, and then transferred to 1mL of Lb broth. The cells
were grown for 45 minutes at 37°C while shaking. Finally, 100ul of grown cells were
placed on a LB/Amp (100ug/ml) agar plate and incubated at 37°C for no more than 16
hours. The colonies were counted. The presence of more than 50 colonies indicated
subcloning efficiency and a mini-prep stock was prepared as indicated by the QIAGEN
QIAprep Spin Miniprep kit. The purified plasmid was stored at -20°C.

2.2.2

Transformation of BL21 E. coli Cells
The purified plasmid used to transform chemically competent BL21 E. coli cells

(Invitrogen) for expression. The plasmid and competent cells were removed from
-80°C and thawed on ice for 10 minutes. After thawing, 2ul of plasmid were mixed with
100ul of BL21 cells and incubated on ice for 30 minutes. Next, the plasmid-BL21
mixture was heated for 90 seconds at 42°C for heat shock. The mixture was placed on
ice for at least 2 minutes for recovery. The transformed cells were added to 1ml of LB
broth and incubated while shaking at 37°C for 45 minutes.
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Finally, 100ul of the cells

grown in LB media broth were spread onto a LB/Amp plate and grown for no more than
16 hours at 37°C.

2.2.3

Expression of PDI b’
After transformation of Bl21 E. coli cells, the protein expression was induced and

purified. For a small scale culture, one colony from the plate grown in the procedure
previously mentioned was placed in 100ml of LB broth containing 100ul of 50mg/ml
ampicillin. The cells were grown under agitation (200rmp) at 37°C until the optical
density (OD) reached 0.5 at 600nm (about 4 hours.)

The cells were diluted ten times

into 1L of LB containing 2 ml of ampicillin (50mg/ml). The large scale culture was
grown until the OD reached 0.5 (about 3 hours) then 1ml of isopropyl β-D-1thiogalactopyranside (IPTG) was added to induce expression.

The expression was

induced for 4 hours at 37°C while shaking. After 4 hours of induction, the cells were
harvested by spinning in at 5,000 rpm in a centrifuge. The supernatant was discarded and
the pellets were saved at -80°C until ready for cell lysis.

2.2.4

Cell Lysis
To extract the induced protein from the cells, the cells were lysed by sonication.

The pellets were resuspended in 10ml of lysis buffer (300mM NaCl, 50mM NaH2PO4,
20mM imidazole pH 8.0). The dissolved pellet and lysis buffer were used to dissolve the
remaining pellets and collected in the final centrifuge bottle where and additional 10ml of
lysis buffer was added.

The dissolved cells were transferred to a conical tube for
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sonication. Before beginning sonication the instrument was cleaned with 10% bleach,
Milli Q water, 100% Ethanol, and then with Milli Q water once more. The tip of the
sonicator was inserted into a conical tube containing the cells. Four cycles of sonication
using a Bransen Sonifier 450 were preformed. During the first cycle the cells were lysed
by sonication for 30 seconds then let to rest on ice for 1 minute. That cycle was repeated
two more times. For the final cycle the cells were lysed for 60 seconds and let to rest.
The soluble proteins were collected by spinning the lysed cells at 11,000 rpm for 30
minutes. The pellets were discarded and the supernatant containing PDI b’ was applied
to a nickel column for purification.

2.2.5

Purification using Ni-NTA His-Bind Resin (Novagen)
The supernatant collected from the previous step was added to 3ml of settled Ni-

NTA resin previously equilibrated in lysis buffer (300mM NaCl, 50mM NaH2PO4,
20mM imidazole, at pH 8) in a column. The flow through was collected and passed
through the Ni-NTA column three times. Release of PDI b’ from the column consisted of
five elutions. Each elution buffer contained an increasing concentration of imidazole in
the buffer as indicated in Table 5.
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Table 5: Ni-NTA elution buffers. Each buffer contained 300mM
NaCl, 50mM NaH2PO4, and increasing concentration of
imidazole, *indicates when protein is eluted.

Elution

1
2
3
4*
5

Concentration
of imidazole
(mM)
20
50
100
300
300

pH

Volume
(ml)

8
8
8
8
4

20
15
10
10
10

The protein was eluted with 300mM imidazole at pH 8 and the remaining protein on the
column was eluted with elution buffer 5. An aliquot of each elution was collected and
analyzed by 15% SDS-PAGE. Elution four containing PDI b’ was dialyzed against
20mM acetic acid to remove salts and concentrated to 1mL final volume using an
Amicon Ultra conical tube.

2.2.6

Expression and Purification of Wt PDI
Transformation of DH5α and BL21 E. coli with Wt PDI/pET21b

was

done

exactly the same as with PDIb’/pET21b. The expression, sonication, and purification
were also done similarly to the protocol mentioned for PDI b’.

2.2.7

Reducing the Substrate
Reduced ribonuclease A was used as the substrate for oxidative folding studies.

RNase A was reduced by adding 5-10mg of native protein to 2ml of reducing buffer (6M
GdnHCl, 200mM Tris-HCl, 1mM EDTA, Ph 8). The reaction was allowed to proceed for
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1 hour to fully reduce the protein. After 1 hour, 20ul of glacial acetic acid was added to
the reaction to lower the pH and preserve the reduced state by protonating the exposed
thiolates. The reduced protein was dialyzed against 20mM acetic acid.

2.2.8

Calculating Concentration of Substrate and Catalyst
The concentration of reduced RNase a, PDI b’, and wild type PDI were calculated

using Beer’s Law. Equation 1 shows that the absorption of the sample at 280 (A) is
directly related to the molar absorptivity (ε, Lcm-1mol-1), the concentration (c, moles/L)
of sample, and the cell path length (b=1cm-1).

Equation 1: A=ε x b x c

The molar absorptivities for RNase A and WT PDI are known but molar absorptivity of
PDI b’ was calculated with the Gill and von Hippel method (Equation 2). In this method,
the extinction coefficient is calculated based on the amino acid sequence of the protein
(1989). The PDI b’ construct is from Rattus norvegicus therefore the sequence used is
given by Edman et al. Rat PDI b’ domain is defined by amino acids 219-350. Within
this domain, there are two cysteine residues (εCys=125), two tyrosine residues
(εTyr=1490), and one tryptophan residue (εTrp=5500).

The calculated extinction

coefficient for PDI b’ is 7500. After the extinction coefficient was determined then the
concentration of PDI b’ was calculated using Equation 1. The extinction coefficients
used for these experiments are located in Table 6.
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Equation 2:
εPDI b’ = (εCys x number of Cys) + (εTyr x number of Tyr) + εTrp x number of Trp

Table 6: Molar absorptivities.

2.2.9

Protein

Molar Absortivity
(M-1cm-1)

WT PDI (rat)

55,000

PDI b’ domain

7500

RNase A

8900

Oxidative Folding Reaction
To determine the effect of PDI b’ on oxidative folding of RNase A, 6uM final

concentration of PDI b’ was reacted with 30uM RNase A final concentration

in

oxidation buffer (150mM DTTox, 200mM Tris-HCl, 1mM EDTA, at pH 8). The volume
required to obtain a final concentration of 30uM for the substrate and 6ul of the catalyst
in 2000ul was calculated using equation 3.

Equation 3: M1V1=M2V2

Three sets of experiments were performed. The first was a control where RNase
was allowed to fold on its own. The second experiment was RNase with wild type PDI
and the final reaction was RNase A with PDI b ‘. The control and wild type reaction
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were done to see the effect of PDI b’ on regeneration of RNase A compared to full length
PDI and RNase alone. Table 7 shows the three different reactions that were done.

Table 7: RNase A Regeneration Reactions

Reaction

Components

pH

Total volume (ul)

Reaction 1:
Control RNase A
alone
Reaction 2: RNase A
and PDI b’

Reduced RNase A + oxidation
buffer
(no PDI or PDI b’)
Reduced RNase A +
6uM PDI b’ domain +
Oxidation buffer
Reduced RNase A +
6uM Wt PDI +
Oxidation buffer

8.0

2000

8.0

2000

8.0

2000

Reaction 3: RNase A
and Wt PDI

An initial time was recorded, the pH was adjusted to 8.0, and the reaction was
allowed to proceed for at least 12 hours. Time points were taken to determine the amount
of regeneration that occurred at a given time. This was done by taking 200ul of the
reaction mixture adding it to a microcentrifuge tube containing 20uM DTTred, 20mM
Tris-HCl, and 1mM EDTA at pH 8. The sample was mixed by vortexing and reacted for
1 minute. After 1 minute the reaction was quenched by dropping the pH with 10ul of
glacial acetic acid. Quenching the reaction with acetic acid stopped regeneration of the
substrate. The time was recorded, the samples were desalted on a Lab Alliance G-25
column (OD=280nm), and run on reverse phase Agilent 1100 series HPLC.
procedure was repeated for several time points.
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This

2.2.10 Analysis of the Data
An initial profile was established on HPLC (OD=280) for both reduced and native
RNase A so that the data collected from the reactions could be compared. The profile
showed that Native RNase A eluted at 39 minutes and reduced RNase A eluted at about
42 minutes. The results of the three reactions given by HPLC show two main peaks at
280nm comparable to native and reduced RNase A. For each time point we calculated
the area under the peak for native and reduced RNase A. The fraction of native protein
was calculated. If our hypothesis is correct, the amount of native substrate will increase
as the amount of reduced substrate decreases due to oxidative folding over time. Figure
17 is an example of the HPLC chromatogram at a given time point.
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Figure 17: Sample regeneration reaction time point HPLC chromatogram.

37

45

46

This reaction is a first order reaction and the plot is exponential but a linear plot
can be achieved by graphing the natural log of the fractional amount of reduced RNase A
versus time. Graphs were made on Microsoft EXCEL and the line of best fit was
selected. The equation of the trend line in the form of y=mx+b was calculated. The
slope (m) of the linear trend line is equal to the negative reaction rate constant (-k). The
rates of the three reactions were compared to determine the contribution of the b’ domain
to oxidative folding. These calculations were done based on Table 8.

Table 8: Calculating the fraction of native RNase A formed

Time Time(min) Native(N) Reduced N+R N/N+R (1-n)
(R)
=n
Point

ln(1-n)

T0

M0

N1

R1

X1

Y1

Z1

F1

T1

M1

N2

R2

X2

Y2

Z2

F2

T2

M2

N3

R3

X3

Y3

Z3

F3

T3

M3

N4

R4

X4

Y4

Z4

F4

T4

M4

N5

R5

X5

Y5

Z5

F5

T5

M5

N6

R6

X6

Y6

Z6

F6

T6

M6

N7

R7

X7

Y7

Z7

F7

T7

M7

N8

R8

X8

Y8

Z8

F8

T8

M8

N9

R9

X9

Y9

Z9

F9

T9

M9

N10

R10

X10

Y10

Z10

F10

The results are given in the next section.
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2.3

Results and Discussion
We were able to express and purify a recombinant protein from the plasmids sent

to us from Sweden. According to a 15% SDS-PAGE and molecular weight standard the
protein expressed was approximately 15 kDa. The approximate molecular weight of PDI
b’ was calculated by the amino acid sequence for rat PDI b’ given by Edman et al.
(Edman, 1985). The calculated molecular weight for rat PDI b’ was about 15kDa and
correlated well the expressed protein as indicated by our gel. Wild type PDI was also
expressed. It has a known molecular weight of 55 kDa and a 15% SDS-PAGE showed
that the protein expressed was wild type PDI.
In our experiments we wanted to analyze the contribution of PDI b’ in oxidative
folding of RNase A. To evaluate the contribution we compared to the catalytic activity of
PDI b’ to a positive and negative control. The positive control was RNase A folded by
wild type PDI. Previous studies have shown that PDI accelerates the conformational
folding of RNase A (reviewed in Wilkinson and Gilbert, 2004). We also did a negative
control where RNase A was allowed to fold on its own. Folding studies done on reduced
RNase A show that is capable of folding into its native structure but at a much slower rate
than without PDI (Shin and Scheraga, 2002). PDI has two catalytic sites that have the
ability to oxidized nascent proteins and isomerize existing disulfides to their correct
conformation. The b’ domain does not obtain this catalytic site therefore we were
expecting this domain to have little or no effect on the acceleration of oxidative folding.
At different times, aliquots were removed, reacted with 2mM DTTred and
quenched with 10ul of acetic acid to stop further oxidative folding at that particular time
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point. At time zero, close to 100% of the protein is reduced but the presence of DTTox in
the oxidation buffer contribute to small amounts of native substrate formation. As time
progresses the protein will fold and more of the reduced will become native. This will
occur with or without PDI however the difference will be in the rate of folding for each
reaction.

This is supported by the HPLC chromatograms at different time points.

Figures 18-20 are chromatograms from different time points of RNase A reacted with
PDI b’.
With time, the amount of native RNase A increases. Five minutes after the
beginning of the reaction a very small peak appears at 39 minutes corresponding to native
structure.

The larger peak visible at about 42 minutes corresponds to the reduced

substrate (Figure 18). At time point four (four hours after the beginning of the reaction)
more of the native protein is being formed (Figure 19). Sixteen hours after the initiation
of the reaction even more native substrate is formed and the reaction has almost gone to
completion (Figure 20). Figure 21 compares the selected time points by superimposing
the graphs. It is evident that as time passes, the reduced RNase A will become native.
At the beginning of the reaction (time point 1, blue peak) the substrate is mostly in its
reduced form. At the end of the reaction (time point 8, green peak) most of the substrate
has folded to its native state.
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Figure 18: Chromatogram of Time Point 1 (T=5minutes after beginning of reaction).
A small percentage of native RNase A has formed. N=native RNase A, R=reduced
RNase A.
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Figure 19: Chromatogram four hours after initiation of the reaction. More native
RNase A has formed. N=native RNase A, R=reduced RNase A.
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Figure 20: Chromatogram 16 hours after the initiation of the reaction. At this time
point, most of the RNase A present is in its native form.
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Figure 21: Comparison of reaction time points. With time, the amount of reduced
RNase A will decrease. Reduced protein folds in the presence of PDI b’ and
becomes native. Blue=T1 (5min), red=T4 (4hr), green=T8 (16hr).
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The chromatograms show that RNase A will find its native conformation in the
presence of PDI b’, but with this information we still do not know how PDI b’ is
contributing to the rate of folding. Calculations were done based on Table 8. The time in
minutes versus the ln(1-n) was graphed. This reaction is a first order reaction therefore
the derivative (or the change with native protein formed with time) will be a linear plot
(y=mx+b) and the negative slope of the line of best fit is equal to the negative reaction
rate constant (-k). Figure 22 is a linear plot of time versus the natural log of (1-n).

Regeneration of RNase A by PDI b'
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Figure 22: This graph represents the time versus the ln(1-n) of RNase A reacted with
PDI b’. The rate of the reaction is 0.0014 min-1 (the negative slope of the line).

Next we preformed the experiment with wild type PDI and graphed the data as we
did for PDI b’. We also did a control experiment where RNase was allowed to form on
its own without a catalyst and calculated the rate constant. We repeated the reactions
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several times for each reaction: RNase A control (Reaction 1), RNase A with PDI
b’(Reaction 2), and RNase A with wt PDI (Reaction 3). When the data for each reaction
was obtained we plotted the averages of each reaction on the same graph to compare
reaction rates (slope of the trend line). The graph below (Figure 23) shows our results for
all three experiments.
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Figure 23: The reaction rated for Reaction 1(control blue), Reaction 2 (RNase A+PDI b’
red), and Reaction 3 (RNase A+Wt PDI green) are compared.

The data shows that the rate of Reaction 1 (control) is very slow. When wild type
PDI is added to reduced RNase A the rate of folding is greatly accelerated by PDI.
Surprisingly, the rate of reaction for RNase with PDI b’ (avg k=0.0014) is double that of
the control (avg k=0.0007). This suggests that even though PDI b’ has no catalytic site
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responsible for oxidation and isomerization of disulfides in the substrate, it has the ability
to accelerate folding. These results are summarized in Table 9.

Table 9: Comparison of rate constants (k).
Reaction
Rate Constant (min-1)

Ratio

Reaction 1
(Control)

7.0x10-4

1

Reaction 2
(PDI b’)

1.4x10-3

2

Reaction 3
(WT PDI)

8.2X10-3

11.7

PDI functions as a chaperone by binding to unfolded/partially unfolded substrates
in regions that are prone to aggregations.

In the cell, unfolded proteins will be stabilized

by PDI until they are able to find their conformation. The catalytic site that can introduce
disulfides and reshuffle existing non-native disulfides is not present in this domain.
However, in mammalian PDI (Figure 8) there are two non-vicinal cysteines that do not
follow the CXXC motif that may contribute to the oxidation of disulfides in the substrate.
The activity of these cysteines must be further studied.
The b’ domain of PDI is known as the principle binding site (Klappa et al., 1998).
It is believed that the hydrophobic residues that are unusually exposed to an aqueous
environment bind to the hydrophobic regions of unfolded or partially unfolded regions
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(Tian et al., 2006). There is no catalytic site, so it is interesting to see that the rate of
native RNase A formation with PDI is slightly but significantly higher than the control.
The stabilization of the unfolded protein may be enough to make a difference in the
overall rate of folding. The longer the protein takes to find its conformation, the more
chance it will have of forming aggregates. PDI b’ can bind to these regions and prevent
aggregations allowing RNase A to find its correct disulfides. Though this domain is
enough to bind small to moderate peptides it is not enough to bind large unfolded
substrates therefore it may not facilitate the folding of larger proteins. The addition of an
a type catalytic domain would most likely increase the rate of folding because the
substrate will be stabilized by PDI b’ and can be oxidized and isomerized by the catalytic
site within the a domain.

2.4

Conclusion
By obtaining the rate of each reaction we can conclude that PDI b’ possess the

ability to facilitate substrate folding. The reaction occurs two fold faster with PDI b’ than
RNase A alone. The specific mechanism of PDI’s contribution to folding is not clear. It
may be the chaperone activity and stability this domain provides the substrate that
contributes to folding. On the other hand, in our experiments we are using rat PDI and
according to the sequence provided by Edman et al. (1985) there are two non-vicinal
cysteine residues located in the b’ domain. These cysteines are separated and do not
follow the CXXC motif but do lie in the same domain. These cysteine residues may
contribute to the catalytic activity of this domain and will be analyzed in future studies.
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The b’ domain was previously believed to obtain no catalytic effect on substrates because
it lacks the catalytic CXXC motif, but many believe that catalytic effect and chaperone
activity go hand-in-hand therefore it can be concluded that PDI b’ has some catalytic as
well as chaperone activity.
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Chapter 3: Competition Reactions between Thiol-Disulfide Exchange
and Conformational Folding
Protein Disulfide Isomerase is a highly evolved oxidoreductase that catalyzes the
formation of disulfides in nascent proteins.

It has the ability to isomerize existing

disulfides that are exposed. Disulfide bonding in newly synthesized proteins is highly
error prone; therefore PDI will attack and shuffle the disulfides until the substrate finds
its native structure. When proteins find their conformation their disulfides will no longer
be subject to isomerization. If the native structure is not found and disulfides are not
protected by conformation, PDI has the ability to attack the disulfides. PDI has low
specificity and cannot discriminate between correct and incorrect disulfide. Though
disulfide shuffling by PDI catalyzes the formation of the substrate’s native structure, it
may also disrupt native disulfides. In this study we used two folding pathway models: a
metal dependent folding pathway and a metal independent folding pathway to determine
if PDI has a negative impact on conformation by disrupting native disulfide bonds. We
believe there will be a competition between the conformational folding and thioldisulfide exchange reactions by PDI resulting in a negative effect on oxidative folding.

3.1

Metal Dependent Substrate: α-Lactalbumin
Bovine pancreatic α-lactalbumin (alac) is a metalloprotein 124 amino acid in

length that takes part in lactose production. This 14.2 kDa protein contains four disulfide
bonds and two domains. The α-domain contains four alpha helices and the β-domains are
arranged in three anti-parallel beta sheet. Alac contains one calcium binding site.
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Calcium, Ca2+ protects the protein from denaturation and reduction of the disulfide bonds
(Forge, 1999).

The figure below (Figure 24
24)) is a Molscript representation of α-

lactalbumin (Kraulis, 1999) based on the crystal structure (Pike et al., 1996).

Figure 24: Molscript representation of α-lactalbumin (Kraulis,
1999) based on the crystal structure (Pike et al., 1996). The dark
blue regions are the α-domains and the light blue regions
represent the β-domains. The disulfides are in yellow, calcium
ion is in magenta, and the metal binding site is represented by
ball and stick.

When calcium is removed the protein will lose is native structure but the
disulfides remain until a reducing agent like DTTred is added (Pike et al., 1996). In this
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study we observed the effect of PDI on unstructured but non-reduced α-lactalbumin. We
believed that PDI would attack the native disulfide bond thus creating a competition
between conformational folding and isomerization by PDI. We used this protein as a
model because the folding pathway and its dependence on a metal ion for tertiary
stabilization have been extensively studied (Kuwajima, 1989).

3.1.1

Experimental Procedure
Native α-lactalbumin (Sigma) was run on reverse phase HPLC to determine the

peak profile for the native protein. Reduction of the protein was preformed based on the
procedure previously explained (2.2.1 Reducing the Substrate) in this manuscript.
Reduced α-lactalbumin was also run on the HPLC to determine its profile. These profiles
were done to distinguish between native and non-native protein. Once the profiles were
established studies with DTTred and PDI could be done.

3.1.1.1 α-Lactalbumin and DTTred
The structure of α-Lactalbumin is metal–dependent therefore removing the metal
ion with a chelating agent disrupts the structure while maintaining the disulfides.
Removing native structure but keeping disulfides intact allows the exposure of disulfides
without breaking or isomerizing them. Native α-lactalbumin (5-10mg) was added to 800
ul of denaturing agent (20mM Tris-HCl and 5mM EDTA, pH 8). The denatured protein
was separated into four different aliquots. Next, 20mM CaSO4, 20mM Tris-HCl at pH 8
was added to the aliquots of unstructured protein. We induced competition between
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conformational folding and disulfide attack by adding different concentrations of DTTred
(0mM, 1mM, 2mM, and 5mM) to each aliquot. The competition reactions were allowed
to proceed for 30 seconds then stopped with 20ul of glacial acetic acid. Replacing the
calcium ion allows alac to regain its conformation but the presence of DTTred will attack
native disulfides prolonging native structure formation. Each sample was run on reverse
phase HPLC. The area of each peak was calculated and percentage of remaining native
protein was determined to evaluate the effect of adding different concentrations of
DTTred. It was hypothesized that in the absence of DTTred 100 percent of denatured αlactalbumin will become native, but as the reducing agent is increased less protein will
reach its conformation. Figure 25 is a scheme of the reaction using alac as a substrate.

20mM CaSO4
DTTred
0, 1, 2, 5mM

5mM
EDTA
pH 8

Native

+
-

α-Lactalbumin
Native Disulfides
no structure

Native reduced, and
non-native disulfides
no structure

Figure 25: Scheme of competition reaction using α-lactalbumin . The
structure of native α-Lac is disrupted by adding EDTA then competition
is induced by adding DTTred and CaSO4.
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3.1.1.2 α-Lactalbumin and PDI
The same reaction was done with PDI in place of DTTred.

Increasing

concentration of PDI (micormolar final concentration) was added to denatured αLactalbumin as mentioned above. The reactions were also stopped with 20ul of glacial
acetic acid after 30 seconds and run on HPLC. The area of the peaks was calculated and
the fraction of native α-Lactalbumin formed was determined. The results of reactions
between α-lactalbumin with DTTred were compared to the results of the reactions between
α-lactalbumin and PDI. DTTred is a strong reducing agent and will reduce on the exposed
disulfides, create highly reactive thiolates, and prevent the substrate from folding
efficiently.

3.1.2

Results and Discussion
Denatured α-Lactalbumin in CaSO4 with no DTTred was able to form its native

structure (100%). With the addition of DTTred the native structure was not able to fold as
efficiently. Figure 26 illustrates the effect of adding increasing concentrations of DTTred.
For each reaction only about 40% of the denatured protein folded to its native structure.
It seems that DTTred disrupts native disulfides before the calcium has the ability to protect
them by conformation. The calcium concentration (20mM) is not a limiting factor since
it is in excess of all the DTTred concentration. For each concentration of DTTred there is a
very small difference in the amount of native protein formed. It can be concluded that
less than half α-lactalbumin obtains conformation in each case. This data is compared to
the competition between conformational folding and disulfide shuffling by PDI to
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determine whether PDI has a positive or negative effect when the disulfides are exposed.
The results for the reaction with PDI are found in Figure 27.

Percent Native alac

100

100

Alac + DTTred

80
60
42.9

42.7

40

1

2

5

40
20
0
0

DTTred Concentration (mM)

Figure 26: Increasing concentrations of DTTred added to denatured alac. Only about
40% of denatured protein can fold to its native structure.
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Percent Native alac

100

100

Alac + PDI
83

80

76

60
36

40
20
0
0

0.5

1

2

PDI Concentration (uM)
Figure 27: The more PDI is added to the reaction the less percentage of alac is able to form
to its native structure.

As the concentration of PDI is increased, less denatured α-lactalbumin is able
form into native α-lactalbumin even in the presence of excess calcium. It is interesting to
note that in this folding model PDI stunts the formation of native α-lactalbumin when
present even in micromolar concentration where as DTTred prevents native structure in
millimolar concentration. In this model disulfide shuffling by PDI is competing with the
conformational folding by the addition of calcium. As a result, PDI has a negative effect
on tertiary structure. In physiological conditions, calcium is highly abundant and PDI has
several substrates, therefore it may not have such an overall negative effect at the cellular
level. This also further demonstrates PDI’s function as and oxidant, reductant, and
isomerase. In most cases PDI has been shown to reshuffle incorrect disulfide to native
disulfides. In this model we show that PDI can actually disrupt correctly bound disulfide
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and its inability to discriminate between correct and incorrect disulfides prevents efficient
folding of the substrate.

3.2

Metal Independent Substrate: RNase A
The folding pathway for RNase A has also been widely studied. It differs in α-

lactalbumin in that it lacks the contribution of a metal ion to stabilization of the tertiary
structure. RNase A has four disulfide bonds that contribute to conformation and can also
serve as a model for folding studies. Figure 28 illustrates the folding pathway of RNase
A.

Des [65-72]

3 native SS; Native-like structure, T m 40
o C, enzymatic activity, surface thiols

rds

R

1S

2S

3S

4S
65-72

(1)

(28)

(210)

(420)
rds

40-95

(104)
native RNase A

Des [40-95]

3 native SS; Native-like structure, T m 40
o C, enzymatic activity, surface thiols

Figure 28: Regeneration pathway of RNase A. R is fully reduced protein, 1S=1
disulfide, 2S=2 disulfides, 3S=3 disulfides and 4S=4 disulfides. The numbers below each
species indicated the number of possible species calculated by factorials. Red bonds are
free thiolates, blue are native disulfides and black are non-native disulfides.
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There are several possible species that can be created as more disulfides are
formed. PDI accelerates the shuffling of disulfides until the substrate finds its native
structure, however if the substrate does not find its native structure in a timely manner,
PDI will continue to shuffle even if the disulfides are correct. This shuffling can actually
prolong conformational folding and inhibit the protection of the disulfides. As with αLactalbumin, we wanted to test our hypothesis that PDI will actually disrupt correctly
formed native disulfides and decrease the amount of native RNase A formed.

3.2.1

Experimental Procedure
Native (Sigma) and reduced RNase A were first run on HPLC to determine peak

profiles for each. The profiles were established to distinguish between native and
reduced substrate. The profiles were compared to the results of the experiments with
DTTred and PDI. The structure of RNase A (5-10mg) was removed by adding 4M
guanidinium chloride and 20mM Tris-HCl at pH 8. At this point the native disulfides
were still intact but exposed. The guanidinium chloride was diluted 10 times to allow for
refolding, however increasing concentration of DTTred (0, 0.5, 1, and 2mM) was also
added to study the competition between refolding of RNase and reduction of disulfides
by DTTred to prevent conformation. The competition reaction was allowed to proceed for
1 minute, stopped with 20ul of glacial acetic acid, and run on HPLC. The percent of
native RNase A in the presence of DTTred was calculated. Finally, the experiment was
repeated with increasing concentrations of PDI in place of DTTred to compare to a known
reducing agent. Figure 29 is a scheme of the reaction done with native RNase and
DTTred.
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4M
GdnHCl
pH 8

Dilute GnHCl
add DTTred
+ 0, 1, 2, 5mM

Native
RNase A

Native

-

Native Disulfides
no structure

Native reduced, and
non-native disulfides
no structure

Figure 29: Scheme of competition reaction: RNase A. The conformational structure
of RNase A is removed by adding 4M GdnHCl. Competition was induced by adding
DTTred and diluting GdnHCl 10 times.

3.2.2

Results and Discussion
DTTred also affects the formation of native RNase A as it does with alac. With

increasing concentration of DTTred decreasing amounts of native RNase A formed. At
the highest concentration of DTTred added (3mM) only 41% of native protein formed. In
the absence of the reducing agent (no DTTred) close to 100% of the denatured substrate
was able to form to its native structure (Figure 30). Clearly, DTTred slows the formation
of the native structure. This data was compared to data gathered from competition
reactions with RNase A and PDI.
PDI has a similar effect as DTTred but to a lesser extent. Figure 31 is a bar graph
that represents the percentage of reduced RNase A that folded to its native structure in the
presence increasing concentration of PDI. When no PDI is added 100% of the protein
folds to its native structure but as the amount of PDI is increased less native RNase A is
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formed. As a result, PDI may disrupt existing native disulfides and incorrectly isomerize
them, preventing the formation of the native structure. The conditions in this experiment
are only used to explore the negative effect of a very productive chaperone and do not
describe conditions in the cell. As the substrate reaches conformation, the disulfides will
be protected and become inaccessible to attack by DTTred or PDI.

We wanted all

disulfides intact but accessible so the substrate itself does not create isomerization but it
is unlikely that this scenario exists in the cell. Overall, PDI is beneficial to the function
of the cell and health of the organism but it is interesting to explore all effects it can have
on its substrate. The second folding pathway model supports the first model in showing
that PDI can have a negative effect on correctly folding of substrate proteins.

RNase A + DTTred

Percent Native RNase A

100

100

80

72
58

60

41

40
20
0
0
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5

DTTred Concentration (mM)

Figure 30: Bar graph representing the amount of native substrate formed with increasing
concentration of DTTred.
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RNase A + PDI
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Figure 31: Bar graph representing the effect of PDI on regeneration of RNase A.

3.3

Conclusion
PDI is a very important oxidoreductase and chaperone in the cell. It can introduce

disulfides to newly synthesized proteins and isomerizes non-native disulfides so the
substrate can find its conformation. This ER protein is quite beneficial for the formation
and function of other proteins however, PDI’s low specificity and inability to distinguish
between native and non-native disulfides is an example of a negative effect of a valuable
protein. It has been shown in this study that PDI will reshuffle native disulfides and may
even prolong the formation of the native structure as opposed to catalyzed conformation.
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If PDI’s function was refined and it could distinguish between correct in incorrectly
formed disulfides, its function may be even more efficient in the cell.
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Chapter 4: Overall Conclusions
The exploration of highly evolved oxidoreductases is of great importance to the
study of neurodegenerative disorders. Since many of these disorders may be attributed to
misfolding of proteins and aggregate formation, then it is important to understand how
the cell responds to disease. PDI is not believed to be directly related to the most
common neurodegenerative disorder such as Alzheimer’s and Parkinson’s disease, but
may have an indirect effect on mental health. It has been found that PDIp in many
affected Parkinson’s disease patients is upregulated (Conn et al., 2004). This can be
proof of how PDI may contribute to the response to this particular disease.
An understanding of how chaperones work may give insight to prevention and
treatment of such disorders. Small molecules can be made to mimic proteins like PDI. A
full understanding of the function of this isomerase is essential before creating treatment
based on the function PDI. If it is known that PDI has the ability to disrupt native
disulfides, then a more specific mimic must be made or the positive effect can be offset
by the drug itself.

A mimic may be able to prevent aggregation and quickly shuffle

disulfides to help the substrate reach conformation but just like PDI it may also disrupt
the native disulfides that are exposed and create adverse effects. This study illustrates the
positive and negative functions of a very important protein and future studies are
essential.
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